Abstract. Histidine-rich protein 2 of Plasmodium falciparum (PfHRP2) forms the basis of many current malaria rapid diagnostic tests (RDTs). It is concerning that there are parasites that lack part or all of the pfhrp2 gene, and thus do not express the PfHRP2 protein; such parasites are not identifiable by PfHRP2-detecting RDTs. Very limited information is available regarding pfhrp2 genetic variation in Papua New Guinea (PNG). In the present study, this gene variation was evaluated using 169 samples previously collected from the Wosera area in East Sepik Province of PNG. Molecular diagnosis of these samples showed that 81% were infected, and P. falciparum was present in 91% of those infected samples. One hundred and twenty samples were amplified for pfhrp2 exon-2, from which 12 randomly selected amplicons were sequenced, yielding 18 sequences, all of which were unique. Baker repeat type 2 × type 7 numbers ranged from 0 to 108. Epitope mapping analysis revealed that three major epitopes, DAHHAHHA, AHHAADAHHA, and AHHAADAHH, were present in high prevalence and frequencies. These major epitopes have been shown to be recognized by the monoclonal antibodies 3A4 and PTL-3 (DAHHAHHA), C1-13 (AHHAADAHHA), and S2-5 and C2-3 (AHHAADAHH). This study provides further information on the high genetic variation of pfhrp2 and its unclear relationship with prediction of RDT detection sensitivity, and identifies major epitopes in this gene from PNG. These results could be relevant and useful to understand the genetic diversity of this gene and the performance of current and future RDTs in this malarious region of the world.
INTRODUCTION
Histidine-rich protein 2 (HRP2) is a unique protein produced exclusively by Plasmodium falciparum, and thus has been used as a biomarker for falciparum malaria infection. 1 In addition, it forms the basis of many current rapid diagnostic tests (RDTs). 2 Over the past 10 years, HRP2-detecting RDTs have become a widely used diagnostic tool for P. falciparum, especially in endemic areas that may not have appropriate microscopy capacity available. Several such HRP2-based combination RDTs have been tested in Papua New Guinea (PNG) in various populations: ParaSight-F dipstick in adults 3 and children (0.5-5 years) 4 from the Wosera area (WoseraGawi district) in East Sepik Province; ICT (HRP2 and pLDH) in infants (3-27 months) from Mugil (Madang Province) and Maprik (East Sepik Province) 5 ; ICT (HRP2 and aldolase) in children (0.5-10 years) from Madang Province 6 ; and CareStart ™ in pregnant women from Madang Province. 7 In these studies, the sensitivities of the RDTs for P. falciparum detection varied from 45.6% 7 to 96%. 6 A number of host and parasite factors may influence the accuracy and sensitivity of RDTs detecting P. falciparumspecific HRP2 (PfHRP2). 8 Most importantly, parasites lacking part or all of the pfhrp2 gene do not express the PfHRP2 protein and are, therefore, not identifiable by PfHRP2-detecting RDTs. Recent studies have reported pfhrp2 gene deletions in field isolates of P. falciparum from South and Central America, Asia, and Africa, resulting in false-negative test results. 8 Given the emphasis on the World Health Organization test and treat guidelines (http://www.who.int/malaria/ publications/atoz/9789241549127/en/), P. falciparum parasites lacking pfhrp2 raise concerns that antimalarial treatment could be withheld from infected patients, and this scenario could potentially undermine malaria elimination efforts.
Studies of the pfhrp2 gene worldwide show that polymorphism within this gene is extensive, and the correlation between this genetic variation and RDT detection sensitivity remains unclear. 9, 10 Initially, testing ParaCheck Pf and ICT Malaria Pf RDTs against 16 cultured lines/isolates from Africa and Asia-Pacific, Baker et al. 10 developed a binary logistic regression model that was able to predict detection sensitivity of these two RDTs based on pfhrp2 sequence structure. The model predicted an isolate to be detected at £ 250 parasites/μL if the number of amino acid repeats type 2 × type 7 was > 43, with an accuracy of 87.5%. Subsequently, using this analysis, 34 PfHRP2-detecting RDTs were tested against 79 global isolates at 200 parasites/μL. 9 In this testing, the regression model did not show a correlation between pfhrp2 sequence structure and the overall RDT detection rates. Thus, the genetic variation in pfhrp2 does not appear to affect RDT detection sensitivity at ³ 200 parasites/μL. 9 Consistent with Baker et al.'s subsequent conclusion, similar results have been reported by Kumar Bharti et al. 11 using P. falciparum-positive blood samples collected from 15 sites in eight malaria-endemic states in India and by Willie et al. 12 using samples collected from three health centers in the Ampasimpotsy area in Madagascar.
Previous studies included a very limited number of samples from PNG. 9, 10 In one study, nine samples from PNG (three, Bougainville; six, collection area not defined) were included. 10 Plasmodium falciparum histidine-rich protein 2 exon-2 sequencing revealed high genetic diversity among these samples (89%, eight unique sequences). In the second study, 17 samples from PNG (collection area not defined) were included, which also showed extensive genetic variation (71%, 12 unique sequences). 9 Although one parasite line (D10) from PNG has been reported to have pfhrp2 gene deletion, 13 neither of these two studies found any evidence of pfhrp2 deletion in PNG. 9, 10 Finally, the studies that have tested PfHRP2-detecting RDTs did not analyze pfhrp2 variation.
The primary aim of the present study was to provide further insights into pfhrp2 variation in PNG. For this aim, 169 samples were randomly selected from a previous malaria epidemiological study conducted in the Wosera area.
14 Using these samples, molecular assays to detect Plasmodium spp. infection and analyze pfhrp2 gene sequences were performed.
MATERIALS AND METHODS
Study samples. Samples previously collected for a malaria epidemiological study conducted in collaboration with the PNG Institute of Medical Research at Case Western Reserve University, Cleveland, Ohio, were used.
14 In this study, there were four serial cross-sectional surveys conducted between August 2001 and June 2003 in 29 villages in the Wosera area. From these surveys, a total of 16,209 blood samples were collected from 8,793 villagers aged < 2 (2.1%) to ³ 40 (16.7%) years. In all surveys, most participants were asymptomatic. All these blood samples were analyzed for Plasmodium bloodstage infections using standard blood smear microscopy and molecular Plasmodium species-specific, post-polymerase chain reaction (PCR)/ligase detection reaction-fluorescent microsphere assay (LDR-FMA). 15 It is to be noted that the samples collected in this epidemiological study were before the RDTs were made widely available at the point-of-care in the country, and, therefore, RDT-based diagnosis was not performed. From this study, 14 169 already extracted genomic DNA samples, which represented 10% of all samples, were randomly selected, which belonged to five of the 29 villages. These were Kumunugum 1 (also called Kuminkum 1), Kumunugum 2 (also called Kuminkum 2), Kumunugum 3 (also called Kuminkum 3), Mikau 1 (also called Miko 1), and Mikau 2 (also called Miko 2).
Molecular diagnosis of Plasmodium spp. infections. Molecular diagnosis of Plasmodium spp. was performed using PCR followed by LDR-FMA. All methods for PCR amplification of small subunit rRNA target sequences and Plasmodium species-specific detection by LDR-FMA have been described in detail by McNamara et al. 15 Genomic DNA extracted from P. falciparum, Plasmodium vivax, Plasmodium malariae, and Plasmodium ovale-infected blood samples, provided by the Malaria Research and Reference Reagent Resource Center and Dr. W. E. Collins (Centers for Disease Control and Prevention), served as positive controls. DNA was extracted from 50 to 100 μL of each sample using a QIAamp ® DNA Micro Kit (QIAGEN, Valencia, CA).
Amplification and sequence analysis of pfhrp2 gene. The pfhrp2 exon-2 (expected size 836 base pairs [bp]) was amplified using the primers and amplification conditions described elsewhere. 12, 16 Genomic DNA from the P. falciparum strains 3D7 and HB3 were used as positive controls, whereas that from the Dd2 strain, which lacks the pfhrp2 gene, 17 was used as a negative control in these amplification reactions. Amplicons were purified using a QIAquick ® PCR Purification Kit (QIAGEN). The nucleotide sequences in all purified amplicons were determined by Sanger sequencing, in both forward and reverse directions, which was performed using the BigDye ® Terminator v3.1 Cycle Sequencing Kit protocol from Applied Biosystems (Foster City, CA).
CodonCode Aligner program (v.6.0.2; CodonCore Corporation, Centerville, MA) was used for the alignment and basecalling of the raw sequences. Geneious software (v.10.0.2; Biomatters Ltd., Auckland, New Zealand) was used for the alignment of sequences, virtual construction of the pfhrp2 gene, translation into protein sequences, grouping of specific amino acid repeats, identification of insertions/deletions, and comparison with the pfhrp2 sequences from previous studies. The sequences generated in this study (N = 18, see Results) were compared with a total of 15 sequences from the two previous studies (GenBank accession numbers AY816241.1-AY816243.1, AY816253.1-AY816258.1 10 , FJ871161.1-FJ871163.1, FJ871241.1, FJ871294.1, and FJ871358. 1 9 ). The pfhrp2 gene sequences were translated into protein sequences and 24 amino acid repeat types (1-24) were classified as described by Baker et al. 9, 10 Of these 24 amino acid repeat types (called Baker repeats), 20 (repeats [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [19] [20] [21] [22] [23] [24] are present in pfhrp2, whereas four (repeats 15-18) are present in the pfhrp2 paralog gene pfhrp3. 9 Because RDT-based diagnosis was not performed on these samples, 14 both scenarios of the predictive model, based on the number of type 2 × type 7 repeats, were used to predict the sensitivity of an RDT detecting PfHRP2: (a) an isolate would be detectable at £ 250 parasites/μL if the number of repeat types is > 43 10 and (b) an isolate would be detectable at ³ 200 parasites/μL regardless of the number of repeat types. 9 In addition, the sequences from this study (N = 18) and previous studies (N = 15) were analyzed for the identification and distribution of 13 major epitopes, ranging 8-15 amino acids, that are recognized by 11 PfHRP2-specific commercially available monoclonal antibodies (MAbs). 18 The prevalence and frequency of each amino acid repeat type or epitope were calculated as described.
12
Ethics statement. This study was conducted under the protocols approved by the PNG Medical Research Advisory Committee and University Hospitals of Cleveland Institutional Review Board.
RESULTS
Diagnosis of Plasmodium spp. infections. Polymerase chain reaction diagnosis showed that 81% of all samples (137/ 169) were infected by Plasmodium spp. The LDR-FMA analysis showed that P. falciparum was present in 91% (125/137), P. vivax in 32% (44/137), P. malariae in 23% (31/137), and P. ovale in 2% (3/137) of the infected samples. Among those infected samples, 37% (51/137) showed mixed infections, predominantly including P. falciparum (36%, 50/137). On the other hand, only 26% of all samples (44/169) were positive by microscopy, all of them for P. falciparum, the majority (95%) as single infections. Plasmodium falciparum parasitemia ranged from 40 to 39,960 parasites/μL, and 32% (14/44) samples had parasitemia < 200 parasites/μL.
Amplification of the pfhrp2 gene. Amplification of pfhrp2 exon-2 showed band sizes of 450-900 bp on 1% agarose gels for 120 samples. A comparison between pfhrp2 PCR and P. falciparum detection by LDR-FMA, used as the gold standard, is presented in Table 1 . This analysis showed that among the 120 samples that were pfhrp2 PCR positive, 109 samples were P. falciparum positive and 11 samples were P. falciparum negative. Thus, these 11 samples were considered false positives. Of these, only one sample was P. falciparum positive by microscopy (parasitemia 1,120 parasites/μL), whereas 10 samples were P. falciparum negative by microscopy. Thus, these 10 samples, positive for pfhrp2 but P. falciparum negative by both LDR-FMA and microscopy, were considered to be "true" false positives. In addition, 16 P. falciparumpositive samples did not amplify for the pfhrp2 gene. Thus, these 16 samples were considered false negatives. Of these, 14 samples were P. falciparum negative by microscopy, whereas two samples were P. falciparum positive by microscopy (parasitemia 40 and 840 parasites/μL). Thus, these two samples, negative for pfhrp2 but P. falciparum positive by both LDR-FMA and microscopy, were considered to be "true" false negatives.
The overall concordance between pfhrp2 PCR and P. falciparum LDR-FMA molecular assays for this set of samples was 84%. Combining all three diagnostic assays, namely, pfhrp2 PCR, P. falciparum LDR-FMA, and microscopy, the sensitivity and specificity of pfhrp2 gene detection were 98% and 82%, respectively. Rapid diagnostic testbased diagnosis of malaria was not available for these samples.
Sequence analysis of the pfhrp2 gene. Of the 109 pfhrp2 amplicons from the samples that were P. falciparum positive (Table 1) , 12 were randomly selected for sequencing. From these 12 amplicons, a total of 18 exon-2 sequences were generated, ranging 468-858 bp (155-285 amino acids). A comparison among these 18 sequences revealed multiplestrain infections, inferred by the presence of two different sequences, in six of the 12 samples. It also showed that all 18 sequences were unique. Finally, a comparison between these 18 sequences and the 15 previous sequences from PNG showed that no sequence was shared between these two groups. Exon-2 sequences from this analysis were submitted to GenBank (accession numbers MF673786-MF673803).
Of the 20 amino acid repeats present in pfhrp2 (repeats 1-14, 19-24), 13 repeats in our sequences and 12 repeats in previous PNG sequences were identified (Table 2) . Repeat types 1, 2, 6, 7, and 12 were present in almost all sequences (89-100%). Repeat types 3, 5, 8, and 10 were also highly prevalent in all sequences (56-100%). Prevalence of repeat types 4, 13, and 19 was low to moderate in all samples (11-33%). The average frequency of each repeat within our and previous sequences is presented in Figure 1 . Repeat types 2 and 7 were the most frequent within our (40%, range = 4-16, mean = 10; 16%, range = 0-9, mean = 4, respectively) and previous (37%, range = 7-15, mean = 11; 19%, range = 3-9, mean = 6, respectively) sequences.
Prediction of RDT detection sensitivity. To predict the detection of an isolate by a PfHRP2-detecting RDT, an analysis of Baker repeat type 2 × type 7 numbers and microscopy diagnosis for the 18 sequences are presented in Table 3 . The model, which predicts that the number of repeat types > 43 would be needed to detect £ 250 parasites/μL (scenario [a]), 10 showed one such sequence (77 repeats, 200 parasites/μL). There were seven sequences (39%) where the number of repeat types was < 43 and the parasite densities were £ 250 parasites/μL; five of these sequences were from the samples that had submicroscopic infections (SMI, pfhrp2 + P. falciparum + microscopy − ). In addition, three sequences with the number of repeat types > 43 were also from the samples that had SMI. The model, which predicts that ³ 200 parasites/μL would be detected regardless of the number of repeat types (scenario [b]), 9 showed four such sequences (0-32 repeats, 280-600 parasites/μL). Finally, there were three sequences where the number of repeat types was > 43 and the parasite densities were well over 250 parasites/μL. Among these results, those where the number of repeat types was < 43 and the parasite densities were £ 250 parasites/μL, and those with SMI, regardless of the number of repeat types, make any prediction difficult.
Major epitopes in pfhrp2 exon-2 targeted by MAbs in RDTs. Epitope identification analysis on all sequences revealed that eight of the 13 major epitopes were present in majority of the sequences (78-100%) ( Table 4 ). Among these, three major epitopes, DAHHAHHA, AHHAADAHHA, and AHHAADAHH, were present within those sequences at much higher average frequencies (18-26%) than the other five major epitopes (2-8%). These three major epitopes have been shown to be recognized by PfHRP2-specific MAbs 3A4 and PTL-3 (DAHHAHHA), C1-13 (AHHAADAHHA), and S2-5 and C2-3 (AHHAADAHH). 18 
DISCUSSION
Similar to previous malaria epidemiological studies in PNG, which used both standard blood smear microscopy and PCR-based ( 19, 20 we noticed a large difference in the overall prevalence of Plasmodium infections determined by using these methods (26% vs. 81%, respectively). These results reflect the well-known low concordance between microscopy and LDR-FMA diagnostic methods and are also consistent with the malaria infection characteristics of the Wosera area reported previously. 14, 19, 21 The overall concordance between pfhrp2 PCR and P. falciparum post-PCR/LDR-FMA was 84%, suggesting variation in amplification of two different target sequences in this set of samples. In our recent study conducted on samples from Madagascar, the overall concordance between these two molecular assays was 97%. 12 The Wosera samples were collected and processed in [2001] [2002] [2003] 15 or more years ago, and have been used for a number of molecular investigations since then. Thus, their storage and usage over the years, likely leading to some level of degradation, may be a factor to consider for the lower concordance. Regarding the 10 "true" false-positive samples (pfhrp2 + P. falciparum − microscopy − ), there could be other possible reasons, such as very low-level infections or, less likely, amplification of the pfhrp2 paralog gene pfhrp3, which has a sequence homology of more than 75% in the tandem repeat region to pfhrp2. 18, 22 None of these 10 samples were sequenced. There were two "true" falsenegative samples (pfhrp2 − P. falciparum + microscopy + ). As RDTs were not performed on these samples, 14 pfhrp2 deletion status of these two samples could not be determined (see Limitations).
The pfhrp2 exon-2 sequence sizes (468-858 bp, 155-285 amino acids) were similar to those reported previously from PNG and globally.
9,10 All 18 sequences (100%) were found to be unique. This observation is similar to previous observations from PNG, where 89% 10 and 71% 9 pfhrp2 sequence diversity was reported. In a global analysis, the pfhrp2 sequence diversity was found to be higher in countries with high transmission intensity. 9 A strong correlation between malaria transmission intensity and pfhrp2 diversity may be expected, as malaria infections in high-transmission settings, including those in PNG, often involve multiple-strain infections. 23 In the present study, using Sanger sequencing, two different sequences were identified in six of the 12 samples, implying multiple-strain infections. Sanger sequencing has limited ability to detect multiple parasite types in a mixed infection and can miss a significant proportion of minority variants. It is possible that the use of next-generation sequencing technology, which allows high-resolution analyses of a heterogeneous ). ‡ Scenario (a) (Baker et al. 10 ).
mixture of the parasites within the host, 24,25 may have enabled more comprehensive detection of pfhrp2 sequences present in those samples. Although comparative analysis of the sequences showed that no two sequences were the same between our study and previous studies, the prevalence and frequency of each of the 12 Baker repeat types, common between these two groups, were comparable. This was also true for the repeat types 2 and 7, which were used in a model to predict RDT detection sensitivity. 9, 10 Detection sensitivity for different RDTs tested in different populations in PNG was as low as 45.6% 7 to as high as 96%. 6 Although the correlation between RDT performance and pfhrp2 variation remains unclear, 9-12 the studies that have tested RDTs in PNG did not analyze pfhrp2 variation. [3] [4] [5] [6] [7] All 18 sequences in the present study were generated from 12 samples that were P. falciparum positive by LDR-FMA. Thirtynine percent (7/18) of these sequences had the number of type 2 × type 7 repeats < 43, ranging from 0 (7 × 0, respectively) to 42 (6 × 7, respectively). The parasitemia in these samples was from 40 parasites/μL to submicroscopic. This suggests that under scenario (a), these samples would not be detected, that is, they would be considered nonsensitive to RDT detection. 10, 16 In addition, there were samples where the sequences had > 43 repeats, but those samples had SMI. It is important to recognize that commercial malaria RDTs were approved for detecting symptomatic malaria cases and not for detecting submicroscopic cases. Therefore, it is difficult to predict whether all these samples would be detected or not by an RDT. Given the field sample-based observations made by Kumar Bharti et al. 11 and Willie et al., 12 verification of these RDT detection predictions made on the basis of the repeat numbers is required, particularly for the samples that had very low (< 50 parasites/μL) or submicroscopic parasitemia levels.
Depending on the RDT used and study setting and design, RDT may 26, 27 or may not 28, 29 perform better than microscopy in detecting SMI. Such infections, if undetectable by the current generation of RDTs, may compromise the current focus on malaria elimination in PNG. 30 Recently, funding agencies, manufacturers, and researchers have been working toward developing ultra-sensitive RDTs (uRDT) with limits of detection similar to those nucleic acid amplification-based methods. As a step in this direction, uRDT (Alere ™ Malaria Ag P.f (05FK140), Standard Diagnostics/Alere, San Diego, CA) has been commercialized with claims of an analytical sensitivity approximately 10 times the detection limit of the best conventional RDTs. Under laboratory conditions, using different P. falciparum culture strains, uRDT showed a greater than 10-fold improvement over the SD Bioline Malaria Ag P.f RDT (05FK50); pfhrp2-positive strains ITG and HB3 were detected down to 49 parasites/μL by the SD Bioline Malaria Ag P.f RDT, whereas the same strains were detected down to 3.13 parasites/μL by uRDT. 31 It may be valuable to test whether the use of such an RDT can improve detection of very low level infections/SMI in PNG.
Investigations of the effect of pfhrp2 sequence variation on the binding of MAbs to PfHRP2 1 have led to the characterization of 13 major epitopes recognized by 11 such antibodies (Table 4) . 18, 22 The information regarding PfHRP2-specific MAbs being used in RDTs is generally not disclosed by the manufacturers. Epitope identification in all PNG sequences showed that epitopes DAHHAHHA, AHHAADAHHA, and AHHAADAHH were present in high prevalence and frequencies. Epitopes AHHAADAHHA and DAHHAHHA are recognized by MAbs C1-13 and PTL-3, respectively, both of which have shown the best potential (based on the prevalence and frequency of epitopes together with the heat durability profile) for use in an RDT. 18 These epitope identification results should be helpful for studies comparing performances of different RDTs in PNG and for those evaluating new antibodies for the development of improved RDTs. 32 
LIMITATIONS
It is acknowledged that no RDT data were available pertaining to the samples analyzed in the present study. Based on recent field sample-based studies, where no direct relationship between pfhrp2 repeat types and the ability to detect low-density infections was observed, 11, 12 the detection predictions made in the present study should be verified with RDTs. This verification is also important given the finding that there was no correlation between pfhrp2 sequence length or repeat type and PfHRP2 plasma concentration in African children. 33 In the present study, two samples, positive by P. falciparum LDR-FMA and microscopy, were pfhrp2 PCR PfHRP2 VARIATION IN PNG negative ("true" false negatives in Table 1 ). In the absence of RDT data, pfhrp2 deletion status of these two samples could not be predicted. In addition, attempts to amplify the pfhrp2 paralog gene pfhrp3 and the pfhrp2 flanking genes PF3D7_0831900 and PF3D7_0831700, which provide confirmatory evidence of pfhrp2 deletion, 8 could not be made because of exhaustion of the samples. HRP3 has a sequence homology of more than 75% in the tandem repeat region to HRP2 and is recognized by most anti-HRP2 MAbs including C1-13. 18, 22 Although HRP3 is less abundant than HRP2, 34 in situations of low-level parasitemia or when parasites have pfhrp2 deletions, it could enhance the sensitivity of the RDTs. 31, 35, 36 Finally, the samples in the present study were collected from a single area in PNG, before the RDTs were made widely available at the point-of-care and the selection pressure on the parasite population may have been exerted. Using more recent samples from multiple areas in PNG, further studies should evaluate the current status of pfhrp2 variation together with performance of the PfHRP2-detecting RDTs.
In conclusion, the present study provides in-depth information regarding pfhrp2 genetic variation in a malariaendemic area of PNG, which could be a valuable starting point for testing and interpreting the results of RDTs. As heavy reliance is placed on RDTs for point-of-care malaria diagnosis in PNG, [5] [6] [7] it is essential from a public health perspective to perform routine monitoring, where the use of RDT is combined with the analysis of pfhrp2 variation. Such monitoring may help alert the authorities to potential diagnostic failure risks and the need to explore complimentary/alternative diagnostic approaches in this malarious region of the world.
